In order to clarify the mechanism of formation of nodules and whiskers on the conducting wires used in aluminum electrolytic capacitors, aluminumtin binary alloys were subjected to an investigation as the model alloys for the joints in the conducting wires. The concentration of tin in the binary alloys was 1, 5 or 10 at%. The 10 at% tin alloy showed the highest number of nodules or whiskers on its polished surface after storing under ambient conditions for 7.8 Ms. Many whiskers whose length were greater than several tens of micrometers were observed for 5 at% tin alloy. The 1 at% tin alloy showed few nodules or whiskers. Growth of the nodules and whiskers is caused by diffusion of the tin atoms from the strained or high-energy areas into the low-energy ones or the root grains. The extrusion toward the surface at the root grains then develops nodules and whiskers. As a preventive measure of whisker formation, selective etching of the aluminum phase using a solution of sodium hydroxide was confirmed to be successful. Thus the aluminum phase was thought to form a non-uniform distribution of strain in the tin phase. This acts as the driving force for diffusion of the tin atoms.
Introduction
Aluminum electrolytic capacitors are used in the power supplies for electric and electronic equipment, whose conducting wires are manufactured by joining aluminum tabs, attached to the anode/cathode foils of aluminum, with steel wires coated with electroplated films of copper and tin. 1) The films of tin on the copper-coated steel wires are electroplated for soldering to circuit boards, and the joints in the conducting wires consist of an aluminumtiniron copper alloy which assure the joining strength required in packaging and subsequent practical use. Short circuits caused by the formation of tin whiskers on the joints have recently become a serious problem in accordance with the RoHS (Restriction of Hazardous Substances) directive which requires a lead-free process. 27) In this article, the word 'lead' means the element (Pb) hereafter, and the word 'lead' which means conducting wire is not used to avoid confusion. The whiskers, whose length can be more than several hundred micrometers, consist of straight, curved and kinked parts. They develop from the tin phase in the joints formed by fusion and solidification of the electroplated films of tin on the conducting wires during the joining process.
Regarding the electroplated films of tin and tin-based alloys for connectors in electronic equipment, short circuits were once solved by the electroplating of a tin-lead alloy instead of tin after a number of accidents in the telephone exchangers in the 1940s. 8) However, other measures for suppressing whiskers are required which satisfies the abovementioned trend of lead-free products. While heat treatment, controlling grain size and multilayering have successfully been attempted, 913) the detailed mechanism of the formation of whiskers and the role of alloying elements in the plated films, which suppress the whiskers, remain unknown. In the system of an electroplated film of tin on a substrate of copper under ambient conditions without external stress, the formation of a coppertin intermetallic compound (Cu 6 Sn 5 ), an increase in the internal stress and the fracture of the oxide film are commonly considered to be the major factors affecting the development of whiskers. 9, 1421) The formation of Cu 6 Sn 5 , which accompanies an increase in volume, is mentioned to cause compressive deformation of the tin which contacts the grains of Cu 6 Sn 5 , then whiskers grow with fracture of the oxide film on the tin and subsequent expansion at the root. 9) On the other hand, few cases of the whiskers on the joints in conducting wires have been reported compared to those on the electroplated films of tin, and the relation between the development of whiskers and the microstructure of joints remains unknown. Since the microstructure of joints is complicated and the formation of residual stress significantly depends on the heating-cooling process during joining, it is very difficult to understand and predict the behavior of whiskers. However, the joints mainly consist of aluminum and tin, whose binary system is considered to be a significant model for understanding the nature of whiskers generated by the alloying of tin, which bears no whiskers under ambient conditions, with aluminum. In this article, the binary alloys of aluminumtin are used as model alloys for the joints, and the morphologies of the whiskers on the alloys and their crystallographic properties are reported.
Experimental
The aluminumtin alloys were prepared by die casting, whose starting materials were 99.999 mass% aluminum and 99.9 mass% tin. The concentration of tin was 1, 5 or 10 at%, and the shape of the alloys was a cylinder whose diameter and length were 15.5 mm and 90 mm, respectively. Hereafter, the alloys are expressed as '1 Sn alloy', '5 Sn alloy' or '10 Sn alloy' for simplicity.
The alloys were quenched in water after casting, then 2 mm-thick discs were cut out of the cast alloys, and their polished surfaces were subjected to the following evaluations. The rough grinding was conducted using silicon carbide waterproof abrasive papers of #1000#4000 grade, then the ground surfaces were finished by polishing with a colloidal silica suspension in order to obtain a mirror surface on which electron backscatter diffraction (EBSD) measurements were possible. Some of the specimens underwent heat treatment after cutting, and its effect on the development of whiskers on the mirror-polished surfaces was examined.
An infrared lamp heater with a cylindrical quartz chamber was used for the heat treatment. The chamber, in which the specimens were placed, was evacuated up to 1.3 © 10 ¹3 Pa. Immediately after the evacuation was stopped, argon gas was introduced into the chamber up to 1.0 © 10 5 Pa, then the specimens underwent the heat treatment. The specimens were heated to 473 K at the rate of 0.1 K/s. After maintaining the temperature for 43.2 ks, the specimens were cooled to room temperature at the rate of ¹5.6 © 10 ¹3 K/s. The surface of the as-cast 5 Sn alloy, immersed in a solution of 1 kmol/m 3 sodium hydroxide (298 K18 ks), was used for the evaluations in order to examine the effect of chemical treatment on the whisker development. The treatment is later expressed as 'sodium hydroxide immersion'.
The development of whiskers under ambient conditions on the polished surfaces or on the surface which had undergone the sodium hydroxide immersion was observed at fixed points. The fixed-point observation was carried out several times for elapsed times up to 7.8 Ms after polishing. Hereafter, "fixed-point observation" will be expressed as 'FPO' for simplicity. A field emission electron probe microanalysis (FE-EPMA) was used for the FPO, in which the acceleration voltage and the probe current were 15 kV and 5 nA, respectively. The images were collected either by the secondary electron (SE) mode or back-scattered electron (BE, compositional mode) one, and the images are later expressed as 'SEI' or 'BEI', respectively. The marks for the FPO were the indentations made by the micro Vickers hardness tester with the indenting force of 980 mN. The indentations were at the center of the evaluation planes, around which the FPO was conducted. Scanning white light interferometry 22) was used for measuring the three-dimensional topology of the evaluation plane after the sodium hydroxide immersion.
The residual stress was measured by X-ray diffraction on the surfaces of the 5 Sn and 10 Sn alloys immediately after the polishing or the sodium hydroxide immersion. A fouraxis microfocus X-ray diffractometer with an xyz-micropositioner on the º-axis was used for the measurement. The X-ray source was a rotating anode of copper, and the X-ray taken from the point source was monochromated by the graphite (0002) plane (wavelength CuK¡ = 0.1542 nm). The X-ray flux was finally shaped by a collimator whose diameter was 300 µm, then irradiated on the surface of the evaluation planes. A two-dimensional detector was used for the measurement of the scattered X-rays, and the specimens were oscillated in the xy-plane (¦x, ¦y = 0.5 mm) to decrease the deficiencies in the Debye rings. The intensity profiles of the diffraction peak of (620) Sn (2ª = 113.34°) were obtained for a number of configurations of the specimen, that is, the axes of º and » were changed to trace the shifts of the diffraction peak positions in the three-dimensional reciprocal space. Each peak position was the center of the Gaussian fitted to the 2ª-intensity data by the least square method. The peak shift data were then converted to strain by a least square calculation. 23) Although the Young's modulus of tin depends on the crystal orientation, the value was assumed to be constant (E = 41.4 GPa), and the Poisson's ratio was set tō = 0.3 to obtain the stress from the strain. The error is ³5 MPa, estimated by the diffraction peak position and the precision in the determination of the peak position. The X-ray penetration depth was ³20 and ³15 µm for the 5 Sn and 10 Sn alloys, respectively. Each value corresponds to the thickness of the specimen which gives 80% of the intensity obtained from the specimen of infinite thickness.
The relation between the growth of the whiskers and their crystallographic properties was investigated on the surfaces and cross sections of the whiskers by EBSD mounted in the FE-EPMA. The acceleration voltage and the probe current of the primary electron beam were 20 kV and 10 nA, respectively, and the primary electron beam was scanned at intervals of 50100 nm. Cross sections for the EBSD measurement were prepared by microtoming with knives of cemented carbide or diamond whose edge angle was 45°. The former was used for the rough shaping, and the latter was for the final cut in which the clearance angle, the feed and the cutting speed were 6°, 50 nm and 0.1 mm/s, respectively. Figure 1 shows the microstructure of the as-cast 5 Sn alloy obtained by EBSD. Based on Fig. 1(a) , the 5 Sn alloy consists of two phases of aluminum and tin. The grains of aluminum are surrounded by the tin phase whose thickness is several micrometers. Many low-angle grain boundaries exist in the aluminum and tin at which the rotation angles around the common rotation axes are less than 15°[ Fig. 1(b) ].
Experimental Results

Microstructure of aluminumtin alloy
Fixed-point observation
Figures 2, 3 and 4 are the FPOs (SEIs) which show the time-dependent changes on the polished surfaces of the ascast 1 Sn, 5 Sn and 10 Sn alloys. The microstructures of the 1 Sn and 10 Sn alloys are similar to that of the 5 Sn alloy ( Fig. 1) , and a number of cavities exist in the tin phase of the 10 Sn alloy (Fig. 4) . Although the alloys are prepared by die casting, aluminum does not exhibit a marked dendritic structure in the evaluation areas. As the time passed after polishing, nodules were formed on certain points of the tin in all the alloys, part of which developed into whiskers. The circles in Figs. 2, 3 and 4 indicate the locations of the nodules or the whiskers. While all the nodules or whiskers in the field of view (FOV) of the 1 Sn alloy are indicated by the circles (Fig. 2) , those in the upper-left quarter of the FOV are circled for the 5 Sn alloy (Fig. 3 ) and 10 Sn alloy (Fig. 4) . The frequency of occurrence of nodules or whiskers on the 1 Sn alloy was 11 mm ¹2 at 0.52 Ms, then increased to 15 mm ¹2 at 7.8 Ms. For the 5 Sn and 10 Sn alloys, the frequencies in the upper-left quarters were 3.7 © 10 2 mm ¹2 and 6.6 © 10 2 mm ¹2 at 0.52 Ms, then increased to 6.3 © 10 2 mm ¹2 and 8.1 © 10 2 mm ¹2 at 7.8 Ms, respectively. No remarkable relation was confirmed between the location of the nodules or whiskers and the morphology of the tin and aluminum. Many whiskers, which developed up to several tens of micrometers or 100 µm in length, are observed on the 5 Sn alloy [7.8 Ms, Fig. 3(c) ] compared to the 10 Sn alloy [ Fig. 4(c)] . On the other hand, whisker-2 at the upper-right point in Fig. 5 does not have either a straight part or a kinked one, but the whisker developed in the shape of a spiral. Figure 6 shows the FPO (SEIs) of the heat-treated 10 Sn alloy. The results of the heat-treated 1 Sn and 5 Sn alloys are not shown here, since neither nodules nor whiskers were found in the former case, and the development of whiskers in the latter was similar to that of the as-cast 5 Sn alloy. The circles in Fig. 6 indicate the nodules in the whole FOV, whose frequency of occurrence was 0.71 © 10 2 mm
Effect of heat treatment and sodium hydroxide immersion
¹2
(0.60 Ms) ¼ 2.0 © 10 2 mm ¹2 (7.8 Ms). Figure 7 shows the time-dependent change (BEIs) on the surface of the as-cast 5 Sn alloy which underwent the sodium hydroxide immersion. From Fig. 7(a) , while aluminum is selectively etched in the sodium hydroxide solution, the polished surface of tin remains flat. Scanning white light interferometry showed that a 1015 µm aluminum layer was removed. The surface retained its morphology for 7.7 Ms [ Fig. 7(b) ], showing neither nodules nor whiskers. However, dark areas can be found on the tin surface in Fig. 7(b) , where oxygen was detected by the FE-EPMA elemental analysis. Figure 8 shows the changes in the residual stresses of tin in the 5 Sn and 10 Sn alloys which underwent the heat treatment or the sodium hydroxide immersion. While the residual stresses of tin in the as-cast 5 Sn and 10 Sn alloys are nearly equal (1112 MPa), that of tin in the 10 Sn alloy shows a greater decrease with heat treatment compared to the 5 Sn alloy. The residual stress of tin in the 5 Sn alloy remarkably decreased to 1.5 MPa with the sodium hydroxide immersion. Figure 9 shows the morphology (SEIs) and crystal orientation of the whiskers on the as-cast 5 Sn alloy. Since the EBSD patterns were collected on the surface of the kinked or curved whiskers, only the areas facing the detector gave the meaningful measured points in Figs. 9(b) and 9(d). Although the whisker in Figs. 9(a) and 9(b) has two kinked points where the axis of the whisker is deflected by nearly 90°, the change in the crystal orientation of tin is less than 2°t hroughout the whisker. In Figs. 9(c) and 9(d), the axis of the whisker at the tip is deflected by more than 90°from that at the root, but the change in the crystal orientation of tin is less than 2°throughout the whisker as in the case of Figs. 9(a) and 9(b). Figure 10 shows the cross-sectional microstructure (BEI and crystal orientation of tin) of a whisker on the as-cast 5 Sn alloy. The specimen, which underwent mechanical polishing and sectioning by microtoming, is tilted by 45°in Fig. 10(a) where the upper and lower areas, separated by the broken line, correspond to the polished surface and the section, respectively. From Fig. 10(b) , the difference in the the crystal orientation of tin between the whisker and the root grain is less than 2°.
Orientation of whisker
Discussion
Formation of microstructure
According to the phase diagram of the aluminumtin binary alloy, 24) the system has one eutectic reaction, which occurs at the composition of 98 at%Sn. At room temperature, the 1 Sn, 5 Sn and 10 Sn alloys consist of two phases of aluminum and tin. The maximum solubility of tin into the aluminum phase is ³0.02 at%, and that of aluminum into the tin phase is ³0.1 at%. When the molten alloys are cooled along the thermally equilibrated paths, the aluminum phase precipitates and grows in the liquid phase, then the eutectic reaction occurs at the eutectic temperature where the liquid phase of the eutectic composition decomposes into the aluminum phase and tin phase. However, eutectic aluminum is not remarkably observed in the vicinity of tin in Figs. 16, 9 or 10. This may be because the liquid at the eutectic composition contains a small amount of aluminum, and because the eutectic aluminum is so fine that the spatial resolution of the scanning electron microscopy is not adequate for observation of the eutectic aluminum. Although aluminum can be supersaturated in the tin phase of the as-cast alloys due to the rapid cooling, the specimen, which underwent the heat treatment at 473 K and the subsequent slow cooling at the rate of 5.6 © 10 ¹3 K/s, did not show any remarkable eutectic aluminum (Fig. 6 ). Based on these points, the observation of eutectic aluminum is thought to be difficult because the aluminum particles are finely dispersed within the tin phase even after the heat treatment, or because the fine particles of aluminum exist at the interface between the tin phase and the primary aluminum.
Formation of nodules and whiskers
Since the tip of whisker-1 keeps its shape (between 1-1 and 1-2) during the growth in Fig. 5 , whiskers grow not by the supply of tin to the tips but by extrusion from the root grains. The mode of growth is the same as that of whiskers on plated films of the tin-based alloys, which is thought to be the result of the diffusion of tin atoms caused by the strain energy gradient, the repeated inflow of tin atoms into the root grains and the following expansion toward the surface. Regarding the distribution of strain in the plated film of tin, it is predicted that the less strained areas can be the preferred initiation sites of the whiskers by numerical calculation of the nonuniformity in thermal strain 25) and by taking into account the strain-induced diffusion. 26) The driving force in the aluminumtin alloys, which is analogous to that of plated films, might be produced by nonuniform strain introduced during solidification.
If a volume in a plated film of a tin-based alloy is compressively deformed by formation of Cu 6 Sn 5 and the volume consequently expands toward the surface, the bulge exactly corresponds to the deformation amount. Since the length of the whiskers can be greater than 100 µm on plated films of ³1 µm-thick, 19) continuing extrusion from the root grains is thought to be the nature of the growth of whiskers. For explaining this process, the authors have proposed the following mechanism based on the study of the formation of whiskers on electroplated films of tin on a copper substrate. 27, 28) When tin atoms diffuse from unstable areas into stable ones, a restoring force is generated in the latter areas, which accept tin atoms and decrease the number of vacancies, in order to make the system thermally equilibrated. Since an increase in the concentration of a vacancy requires an expansion toward the surface and brings about an increase in the surface energy, the surface tension is a suppressing factor in the development of whiskers. The development of whiskers, caused by the repeated inflow of tin atoms and the expansion toward the surface, can be thermodynamically discussed from the standpoint of the free energy of vacancy formation and surface tension. Figure 11 is a schematic illustration of the formation of a nodule in the aluminumtin alloy. If the strain energy of area-A G str (A) is lower than that of area-B G str (B), tin atoms, which flow out of the highly strained area, diffuse into the stable area-A. The diffusion modes of tin are considered to be vacancy diffusion, interface diffusion, surface diffusion or dislocation diffusion, as in the case of the electroplated films of tin. After the vacancies decrease in area-A, expansion of the tin phase toward the surface occurs and a nodule is formed when the sum of the change in the free energy by formation of a vacancy and that in the surface energy by expansion toward the surface becomes negative.
The enthalpy h v and entropy s v for the formation of a vacancy in tin are h v ' 0.5 eV and s v /k B ' 1.0, 29, 30) respectively. The vacancy concentration at room temperature c v calculated from these values is c v ³ 10 ¹8 . The actual free energy for the formation of a vacancy in this system possibly differs from the above values obtained using a high-purity tin, because the tin phase is saturated by aluminum which may interact with the vacancies. Since the interaction can significantly change the vacancy concentration, a detailed discussion on the change in free energy due to the development of whiskers will be a future study. In addition, the effect on the surface tension by oxidized tin should be taken into account as a suppressing factor in the development of whiskers. From Figs. 2, 3 and 4 , the frequency of occurrence of nodules and whiskers is higher in the tin-richer as-cast alloys. However, whiskers whose length is more than a few tens of micrometers can be found only in the 5 Sn alloy. Since the flow of tin atoms into stable areas can cause formation of nodules and whiskers, it is thought that the density of stable areas in the 5 Sn alloy is lower than that in the 10 Sn alloy, hence some whiskers specifically grow in the 5 Sn alloy.
The nonuniformity of strain in the tin phase of the 10 Sn alloy is thought to be lowered by the heat treatment because the heat-treated specimen showed fewer whiskers compared to the as-cast one (Figs. 4 and 6 ). On the other hand, the nonuniformity of strain in the tin phase of the 5 Sn alloy is considered to remain even after the heat treatment since many nodules and whiskers were still observed on the surface of the heat-treated specimen. In Fig. 8 , the change in the residual stress does not correspond to that during the formation of whiskers and nodules. This disagreement is thought to be caused since the obtained residual stresses do not reveal the microscopic nonuniformity, but are the macroscopic values averaged within the X-ray-irradiated volumes.
The cavities in the 10 Sn alloy observed in Figs. 4 and 6 may act as a factor to reduce the nonuniformity during the heat treatment. While cavities relax the strain by accepting tin atoms which diffuse out of the highly strained areas, few cavities exist in the tin phase of the 5 Sn alloy. Therefore, adequate diffusion of tin to reduce the nonuniformity of strain is not thought to occur in the case of the 5 Sn alloy even when the system is heat-treated at 473 K.
From Fig. 7 , the selective etching of the aluminum phase by the sodium hydroxide immersion is effective for suppressing the formation of nodules and whiskers. The phenomenon is based on the removal of aluminum which dissolves into the solution of 1 kmol/m 3 sodium hydroxide, and thought to be aluminate ions, while tin remains as a metal at this electrode potential. 31) Although the above-mentioned heat treatment is not an adequate measure to reduce the nonuniformity of strain in the tin phase surrounded by the aluminum phase, the etching of the aluminum phase, which causes the nonuniform deformation of tin, is considered to decrease the nonuniformity as well as lower the macroscopic residual stress in Fig. 8 . Considering that oxygen was detected in the dark areas of the tin phase in Fig. 7(b) , the formation of a hydroxide on the surface of the tin phase and the resulting change in the chemical state of the surface can be another reason for the suppression of nodules and whiskers. The formation of hydroxide is supposedly due to the retained sodium hydroxide which permeated deeply into the gap between the phase of tin and that of aluminum during the sodium hydroxide immersion. For the electroplated film of the tin-based alloy on the copper substrate, only nodules are extensively formed on the surface when the oxide film is removed by etching with argon ion in an ultra-high vacuum (³10 ¹8 Pa), and when the argon ion-etched specimen is then kept in the vacuum chamber. 27, 28) On the other hand, the development of nodules and whiskers is suppressed in an environment of higher temperature and humidity (333 K, relative himidity 90%) compared to ambient conditions. 32) Based on these results, the chemical treatment of the aluminumtin alloys is thought to effectively suppress whiskers since the treatment modifies the chemical state of the surface or the surface tension, and selectively etches the aluminum phase to reduce the nonuniformity of strain in the tin phase. Other known processes for the suppression of whiskers on the joints include rinsing in solutions of phosphoric or boric acid at high temperature and the implantation of phosphorus ions. 2, 47, 33) The rinse, performed at ³363 K, might act as a heat treatment which changes the microstructure and the strain distribution. However, the sodium hydroxide immersion in this study was performed at 298 K. That is, the selective etching of aluminum and the appropriate modification of the chemical state on the surface at room temperature are thought to be highly effective for the suppression of whiskers.
Crystal orientation and growth of whisker
In Fig. 9 , each whisker is a single crystal whose crystal orientation hardly varies although the axes of the whiskers are largely deflected by kinking or curving. Changes in the crystal orientation of the whiskers have been reported, 4) but a change in the crystal orientation by more than 2°was not detected by EBSD in the straight, kinked and curved parts of ten whiskers evaluated in this study. Figure 12 schematically shows the deflection mechanism of a whisker. From Fig. 10 , the crystal orientation of the root grain is identical to that of the whisker, therefore, the whisker is thought to develop without any change in the crystal orientation when tin atoms diffuse into the root grain [ Fig. 12(a) ]. Previous reports 27, 28) have shown that recovery, recrystallization and grain growth occur at room temperature in tin which changes the crystal orientation. When the phenomena occur at the root grain, a grain boundary is formed between the whisker and the root grain [ Fig. 12(b) ], then the free energy of the system increases due to the resulting grain boundary energy.
If a nonuniform extrusion occurs at the root grain as shown in Fig. 12(b) in the above state, the change in the crystal orientation of the whisker results in the formation of a single crystal and the decrease in free energy of the system is due to the disappearance of the grain boundary. If the crystal orientation of a root grain significantly varies at a specific time, the nonuniform growth can produce a kink at the root of the whisker [Figs. 9(a) and 9(b) ]. On the other hand, when the crystal orientation of a root grain gradually varies, a curved whisker is formed [Figs. 9(c) and 9(d)]. However, the above mechanism may not always be valid for all the changes in the crystal orientation. For example, some coincident site lattice boundaries 34) could exist in the whiskers since their energies are rather low.
Summary
In this paper, fundamental properties of the whiskers, which develop at the joints of the conducting wires in aluminum electrolytic capacitors, were reported by fixedpoint observations and a crystal orientation analysis of the aluminumtin binary system as the model alloy for the joints. The formation of nodules and whiskers depended on the alloy composition, the heat history and the surface state. The results are summarized as follows.
(1) The frequency of occurrence of nodules and whiskers showed the highest value for the 10 Sn alloy as compared to the 1 Sn and 5 Sn alloys. On the other hand, a number of whiskers whose length was between a few tens of micrometers and 100 µm were observed in the 5 Sn alloy kept under ambient conditions for 7.8 Ms, while the 1 Sn alloy showed few nodules. (2) The development of whiskers is caused by the diffusion of tin atoms into the root grains and subsequent inflation toward the surface or extrusion from the root grains. The driving force of the diffusion is considered to be the strain energy gradient, by which tin atoms diffuse from the unstable or strained areas into the stable or strain-free ones. (3) A change in the free energy of the system, caused by the formation of vacancies and the expansion toward the surface, must be negative for the growth of whiskers. The vacancy concentration in the tin phase, which may be influenced by the formation of a tinaluminum solid solution, needs to be discussed in future work, as well as the surface tension due to the formation of an oxide film on the tin phase. (4) When the extrusion rate from a root grain is uniform within the cross section, the whisker develops in a straight form. On the other hand, kinked or curved parts are formed by a nonuniform extrusion at the root grains. The nonuniform extrusion is supposedly caused by a change in the crystal orientation of the root grains, which decreases the grain boundary energy between the root grains and whiskers. (5) The aluminum phase is thought to nonuniformly deform the contacting tin phase. The formation of nodules and whiskers were suppressed by the selective etching of the aluminum phase in the solution of sodium hydroxide. The change in the chemical state of the surface caused by the chemical treatment, or that in the surface tension, can influence the behavior of the whiskers.
